Overexpression of activated CaMKII in the CA1 hippocampus impairs context discrimination, but not contextual conditioning by Ye, Sanghyun et al.
MICRO REPORT Open Access
Overexpression of activated CaMKII in the
CA1 hippocampus impairs context
discrimination, but not contextual
conditioning
Sanghyun Ye, Ji-il Kim, Jooyoung Kim and Bong-Kiun Kaang*
Abstract
Calcium/Calmodulin-dependent protein kinase II (CaMKII) plays a key role in the molecular mechanism of memory
formation. CaMKII is known to be activated specifically in the activated spines during memory formation. However,
it is unclear whether the specific activation of CaMKII is necessary for encoding information. Here, we overexpressed
active form of CaMKII (CaMKII*) in the hippocampal CA1 region to activate CaMKII nonspecifically. Moreover, we
examined context-discrimination performance of mice. We found that the mice with overexpression of CaMKII*
showed impaired context-discrimination ability, while the contextual fear conditioning remained intact. These
results indicate that spatial specificity of CaMKII activation is necessary for context discrimination.
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Main text
The molecular mechanism of learning and memory has
been the subject of numerous neuroscience studies,
since decades. Previous studies have revealed that Cal-
cium/Calmodulin-dependent protein kinase II (CaMKII)
is activated during memory formation, and initiates bio-
chemical cascades in response to various stimuli in the
dendritic spines [1–3]. In addition, it has been reported
that CaMKII is specifically activated in the dendritic
spines, which in turn are activated by stimuli, to induce
the spine maturation [4, 5].
However, there is no evidence about whether the
non-specific CaMKII activation perturbs memory for-
mation. Previous studies have shown that overexpres-
sion of activated CaMKII (containing T286D, T305A,
T306A; CaMKII*) increases spine volume and perturbs
memory trace during the maintenance phase [6, 7].
Therefore, selective activation of CaMKII in specific
spines might be necessary for intact memory formation.
To test this, we overexpressed activated CaMKII in the
hippocampal CA1 region, which is necessary for
memory formation [8].
We expressed the active form of CaMKII (CaMKII*)
or mCherry under the CaMKII-alpha promoter in the
human embryonic kidney (HEK) 293 T cells, which was
delivered by adeno-associated virus (AAV) [9]. We con-
firmed successful overexpression in the HEK 293 T cells
(Additional file 1: Figure S1a). To evaluate the expres-
sion in the CA1 hippocampus, we used human influenza
hemagglutinin (HA) tag, and confirmed HA expression
in the hippocampal CA1 region slice after performing a
behavioral test (Additional file 1: Figure S1a and b).
After the injection of viruses in the hippocampal CA1
region, we examined the effect of CaMKII* overexpres-
sion via evaluation of context discrimination, which is a
hippocampus-dependent form of associative learning
[10, 11]. To quantify the context-discrimination ability,
mice were trained to discriminate between two contexts,
namely shock and neutral contexts. In the shock-context
chamber, mice received a shock; while in the neutral-con-
text chamber, they just explored. We examined the percent-
age of the time spent freezing (freezing level) after 1 day of
conditioning in each context (Fig. 1a).
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We found that both the groups of mice showed a simi-
lar freezing level in the shock context. This indicates
that CaMKII* overexpression did not affect the context-
ual fear conditioning (Fig. 1b). However, in the neutral
context, the mice with CaMKII* overexpression showed
an increased freezing level (Fig. 1c). This implies that
the ability of mice to discriminate different contexts is
decreased by CaMKII* overexpression. In addition,
CaMKII* group showed significantly higher discrimina-
tive ratio (Fig. 1d) [12].
Moreover, we examined the freezing level in
shock-context chamber after 3 weeks of the conditioning
to assess remote memory. The mice showed similar
freezing levels both after 1 day and 3 weeks of condition-
ing, and there was no difference between the two groups
(Additional file 1: Figure S2). These results show that
CaMKII* overexpression does not impair the ability of
mice to maintain contextual memory.
The present study demonstrates that CaMKII* overex-
pression in the hippocampal CA1 region can impair the
ability of context discrimination; however, the contextual
fear conditioning remains intact. One possible explan-
ation for this may include specificity of spine matur-
ation. In a normal state, CaMKII activation may only
strengthen the synapses between engram cells during
memory formation (Fig. 1e) [13]. However, when CaM-
KII* is overexpressed, it may not only activate specific
synapses, but also other synapses (Fig. 1e). A previous
study has shown that CaMKII* overexpression can pro-
duce synaptic potentiation and increase spine volume,
which supports this explanation [6]. In addition, a previ-
ous study has shown that hippocampal lesion may im-
pair the ability of context discrimination, but not fear
conditioning [10]. Thus, it might be possible that the im-
pairment of context-discrimination ability in this study
was due to malfunction of the hippocampus.
Fig. 1 Overexpression of CaMKII* in hippocampal CA1 region impairs context discrimination but not contextual fear conditioning. a schematic
showing the experimental protocol (b) Mean percentage of time spent in freezing after 1 day of conditioning in shock context (n = 12 for control
group, and n = 13 for overexpression group). c Mean percentage of time spent in freezing after 1 day of contextual conditioning in neutral
context (n = 12 for control group, and n = 13 for overexpression group). d Mean percentage of discriminative ratio, which is calculated using
freezing level in the shock context divided by (shock context freezing + neutral context freezing) (n = 12 for control group, and n = 13 for
overexpression group). All graphs show mean ± SEM. Student’s t-test. N.S., not significant; *P < 0.05; **P < 0.01 versus control group. e Schematic
showing the effect of CaMKII* overexpression in specific spine maturation during memory formation in the control and overexpression groups
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Loss of context-discrimination ability is also related to
post-traumatic stress disorder (PTSD) [14]. Impairment
of context discrimination in the mice with CaMKII*
overexpression implies that excessive CaMKII activation
may be responsible for this disorder. Therefore, further
studies are required to reveal the relationship between
CaMKII activity, spine specificity, and memory discrim-
ination. This may help to better understand the disorder
to find its cure.
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Additional file 1: Material and Methods. Figure S1. Validation of
CaMKII overexpression in the HEK 293 T cells and the hippocampal CA1
region. Figure S2. Remote-memory retrieval test in shock paired context.
(DOCX 1325 kb)
Abbreviations
CaMKII: Ca2+/calmodulin-dependent kinase II; CaMKII*: Active form of Ca2
+/calmodulin-dependent kinase II (containing T286D, T305A, T306A
mutations); HA: Human influenza hemagglutinin; HEK: Human embryonic




This work was supported by the National Honor Scientist Program of Korea
(to B.K.K., NRF-2012R1A3A1050385).
Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
Authors’ contributions
BKK, SY conceived and designed the experiments. SY produced viruses,
performed viral injection and fluorescence imaging. JIK conducted
behavioral experiments. JK participated in western blot experiments. SY and
BKK prepared the manuscript. All authors read and approved the final
manuscript.
Ethics approval and consent to participate
All the surgeries and experiments were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) at Seoul National




The authors declare that they have no competing interests.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 24 February 2019 Accepted: 27 March 2019
References
1. Miller SG. Kennedy MB. Regulation of brain type II Ca2+ calmodulin-
dependent protein kinase by autophosphorylation: a Ca2+−triggered
molecular switch. Cell. 1986;44(6):861–70.
2. Fukunaga K, Stoppini L, Miyamoto E, Muller D. Long-term potentiation is
associated with an increased activity of Ca2+ calmodulin-dependent
protein kinase-ii. J Biol Chem. 1993;268(11):7863–7.
3. Sanhueza M, Lisman J. The CaMKII/NMDAR complex as a molecular
memory. Mol Brain. 2013;6(1):10.
4. Jourdain P, Fukunaga K, Muller D. Calcium/calmodulin-dependent protein
kinase II contributes to activity-dependent filopodia growth and spine
formation. J Neurosci. 2003;23(33):10645–9.
5. Lee SJ, Escobedo-Lozoya Y, Szatmari EM, Yasuda R. Activation of CaMKII in
single dendritic spines during long-term potentiation. Nature. 2009;
458(7236):299–304.
6. Pi HJ, Otmakhov N, El Gaamouch F, Lemelin D, De Koninck P, Lisman J.
CaMKII control of spine size and synaptic strength: role of phosphorylation
states and nonenzymatic action. Proc Natl Acad Sci. 2010;107(32):14437–42.
7. Rossetti T, Banerjee S, Kim C, Leubner M, Lamar C, Gupta P, et al. Memory
erasure experiments indicate a critical role of CaMKII in memory storage.
Neuron. 2017;96(1):207–16 e2.
8. Zola-Morgan S, Squire LR, Amaral D. Human amnesia and the medial
temporal region: enduring memory impairment following a bilateral lesion
limited to field CA1 of the hippocampus. J Neurosci. 1986;6(10):2950–67.
9. Choi J-H, Park P, Baek G-C, Sim S-E, Kang SJ, Lee Y, et al. Effects of PI3Kβ
overexpression in the hippocampus on synaptic plasticity and spatial
learning. Mol Brain. 2014;7(1):78.
10. Frankland PW, Cestari V, Filipkowski RK, McDonald RJ, Silva AJ. The dorsal
hippocampus is essential for context discrimination but not for contextual
conditioning. Behav Neurosci. 1998;112(4):863.
11. McHugh TJ, Jones MW, Quinn JJ, Balthasar N, Coppari R, Elmquist JK, et al.
Dentate gyrus NMDA receptors mediate rapid pattern separation in the
hippocampal network. Science. 2007;317(5834):94–9.
12. Huckleberry KA, Ferguson LB, Drew MR. Behavioral mechanisms of context
fear generalization in mice. Learn Mem. 2016;23(12):703–9.
13. Choi J-H, Sim S-E, Kim J-i, Choi DI, Oh J, Ye S, et al. Interregional synaptic
maps among engram cells underlie memory formation. Science. 2018;
360(6387):430–5.
14. Cohen H, Liberzon I, Richter-Levin G. Exposure to extreme stress impairs
contextual odour discrimination in an animal model of PTSD. Int J
Neuropsychopharmacol. 2009;12(3):291–303.
Ye et al. Molecular Brain           (2019) 12:32 Page 3 of 3
